Touch sensation is essential for behaviours ranging from environmental exploration to social interaction; however, the underlying mechanisms are largely unknown 1 . In Drosophila larvae, two types of sensory neurons, class III and class IV dendritic arborization neurons, tile the body wall. The mechanotransduction channel PIEZO in class IV neurons is essential for sensing noxious mechanical stimuli but is not involved in gentle touch 2 . On the basis of electrophysiological-recording, calcium-imaging and behavioural studies, here we report that class III dendritic arborization neurons are touch sensitive and contribute to gentle-touch sensation. We further identify NOMPC (No mechanoreceptor potential C), a member of the transient receptor potential (TRP) family of ion channels, as a mechanotransduction channel for gentle touch. NOMPC is highly expressed in class III neurons and is required for their mechanotransduction. Moreover, ectopic NOMPC expression confers touch sensitivity to the normally touch-insensitive class IV neurons. In addition to the critical role of NOMPC in eliciting gentle-touch-mediated behavioural responses, expression of this protein in the Drosophila S2 cell line also gives rise to mechanosensitive channels in which ion selectivity can be altered by NOMPC mutation, indicating that NOMPC is a pore-forming subunit of a mechanotransduction channel. Our study establishes NOMPC as a bona fide mechanotransduction channel that satisfies all four criteria proposed for a channel to qualify as a transducer of mechanical stimuli 3 and mediates gentle-touch sensation. Our study also suggests that different mechanosensitive channels may be used to sense gentle touch versus noxious mechanical stimuli.
Touch sensation is essential for behaviours ranging from environmental exploration to social interaction; however, the underlying mechanisms are largely unknown 1 . In Drosophila larvae, two types of sensory neurons, class III and class IV dendritic arborization neurons, tile the body wall. The mechanotransduction channel PIEZO in class IV neurons is essential for sensing noxious mechanical stimuli but is not involved in gentle touch 2 . On the basis of electrophysiological-recording, calcium-imaging and behavioural studies, here we report that class III dendritic arborization neurons are touch sensitive and contribute to gentle-touch sensation. We further identify NOMPC (No mechanoreceptor potential C), a member of the transient receptor potential (TRP) family of ion channels, as a mechanotransduction channel for gentle touch. NOMPC is highly expressed in class III neurons and is required for their mechanotransduction. Moreover, ectopic NOMPC expression confers touch sensitivity to the normally touch-insensitive class IV neurons. In addition to the critical role of NOMPC in eliciting gentle-touch-mediated behavioural responses, expression of this protein in the Drosophila S2 cell line also gives rise to mechanosensitive channels in which ion selectivity can be altered by NOMPC mutation, indicating that NOMPC is a pore-forming subunit of a mechanotransduction channel. Our study establishes NOMPC as a bona fide mechanotransduction channel that satisfies all four criteria proposed for a channel to qualify as a transducer of mechanical stimuli 3 and mediates gentle-touch sensation. Our study also suggests that different mechanosensitive channels may be used to sense gentle touch versus noxious mechanical stimuli.
Similar to vertebrates, Drosophila displays mechanosensation such as gravity sensing, hearing, proprioception, mechanical nociception and gentle-touch sensation [4] [5] [6] [7] [8] [9] [10] [11] . To identify sensory neurons for gentle touch we used a previously established behavioural assay 12 . In brief, one side of the larval thoracic segments was gently touched with an eyelash and the behavioural responses were scored (Supplementary Fig. 1 and Supplementary Methods). By expressing the tetanus toxin light chain (TNT) in different classes of dendritic arborization neurons to interfere with synaptic transmission, we found that the behavioural response to gentle touch was reduced by TNT expression in class III (Fig. 1a, b) but not class IV dendritic arborization neurons (Supplementary Fig. 2 ). In all of the behavioural studies we used a single copy of upstream activation sequence (UAS)-TNT and a single copy of the yeast Gal4 driver, which may not have been sufficient to completely eliminate the synaptic output of class III dendritic arborization neurons. Alternatively, the residual larval behavioural response to gentle touch may indicate the involvement of additional sensory neurons.
As dendrites of five class III dendritic arborization neurons tile 70-80% of each abdominal hemisegment 13 ( Supplementary Fig. 3 ), a Drosophila larva could use these neurons to detect gentle touch on most of its body. Extracellular recordings of class III neurons in abdominal segments of fillet preparations ( Supplementary Fig. 4 ) revealed that a single touch causing a displacement of the body wall by as little as 10 mm-about one-hundredth of the width of a third-instar larva-induced a burst of action potentials (Fig. 1c) . Progressively larger displacements elicited greater numbers of action potentials in a graded fashion (Fig. 1d, i) . In addition, a single touch causing a 40-mm displacement induced a large calcium response in class III neurons (Fig. 1e) . Similar to the five class III dendritic arborization neurons in each abdominal hemisegment, class III neurons in thoracic segments showed touch responses ( Supplementary Fig. 5 ). By contrast, the same touch stimulation had no effect on class IV dendritic arborization neurons that are mechanical nociceptive neurons 2, 14 (Supplementary Fig. 6 ).
Class III neurons adapted quickly to a prolonged stimulus with a time constant of 153 ms, and showed an off response upon the removal of the stimulus in most cases ( Fig. 1d and Supplementary Fig. 7 ), similar to touch-sensitive mechanoreceptors in Caenorhabditis elegans and mice 1, [15] [16] [17] . Thus, class III dendritic arborization neurons are lowthreshold mechanoreceptors for sensing gentle touch.
To identify the mechanotransduction channel that mediates gentle touch, we examined the role of NOMPC, which is important for hearing and mechanotransduction in adult Drosophila and larval locomotion 12, [18] [19] [20] [21] . Our immunostaining of Drosophila larvae confirmed high levels of NOMPC expression in the ciliate tips of type I sensory neurons 10, 18, 22 ( Supplementary Fig. 8b ), and we found high levels of NOMPC throughout the soma and dendrites of class III dendritic arborization neurons of wild-type but not nompC null mutant larvae ( Fig. 1f and Supplementary Fig. 8a, c) . We further uncovered severe defects of nompC null mutant larvae in the behavioural response to gentle touch, which could be rescued by expressing NOMPC in class III neurons (Fig. 1g, h ), indicating that NOMPC functions cell autonomously in these neurons to mediate gentle-touch sensation. Moreover, class III neurons of the nompC mutant larvae failed to respond to touch stimuli with action potential firing (Fig. 1i ) or calcium response (Fig. 1j, k) despite their normal morphology ( Supplementary Fig. 9 ), a defect that could also be rescued by class III neuron expression of NOMPC ( Fig. 1i-k) . Two Drosophila TRP channels, Inactive (IAV) and Nanchung (NAN), are interdependent in their contribution to the hearing of adult Drosophila
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. We found normal mechanosensitivity of class III dendritic arborization neurons in iav null mutant larvae (Fig. 1i, k) , which showed a normal behavioural response to gentle touch (Fig. 1g, h ). Thus, NOMPC, but not IAV, is required for mechanotransduction of larval class III dendritic arborization neurons that sense touch.
We next tested whether touch sensitivity can be conferred to class IV dendritic arborization neurons-which normally do not express NOMPC ( Fig. 2a and Supplementary Fig. 10 )-by expressing NOMPC ectopically (Fig. 2b) . Although class IV neurons with the ppk-Gal4 driver alone were insensitive to touch, class IV neurons with NOMPC expression responded to the touch stimulation with a burst of action potentials (Fig. 2c-e) and an increase in internal calcium level ( Fig. 2f-h ). Thus, not only is NOMPC necessary for mechanosensitivity of class III neurons, but its ectopic expression is sufficient to enable the normally touch-insensitive class IV neurons to respond *These authors contributed equally to this work. f, Immunostaining of NOMPC in ddaF and ddaA class III dendritic arborization neurons (labelled by class III-neuron-specific 19-12-Gal4-driven GFP). Arrowhead marks a dendritic segment with NOMPC expression in dendritic spikes, as shown at high magnification on the right. Scale bars: left, 50 mm; right, 5 mm. g, nompC mutant was defective in gentle-touch sensation; this behavioural phenotype could be rescued by expressing NOMPC in class III dendritic arborization neurons (nompC rescue), but not by UAS-NOMPC (UAS Ctrl) or Gal4 (Gal4 Ctrl) alone. nompC mutant, Gal4 Ctrl and UAS Ctrl were compared to both 19-12-Gal4 and nompC rescue for the significance test. iav mutant showed a normal behavioural response to gentle touch compared with wild-type control (n 5 20-24). h, Score distribution of different genotypes. i, Summary of action potential firing of class III dendritic arborization neurons in the nompC mutant, 19-12-Gal4, nompC rescue, and iav mutant in response to increasing mechanical stimuli. y axis denotes increase in the number of action potentials (APs) in 1 s after stimulus onset compared to 1 s before stimulus onset. nompC mutant showed markedly reduced responses compared to 19-12-Gal4 and nompC rescue, whereas the iav mutant showed no difference from 19-12-Gal4 (P . 0.2; n 5 7-10). j, The calcium response of class III dendritic arborization neurons in nompC mutant (green) and nompC rescue (red). Arrowhead indicates the onset of the stimulus (40-mm displacement lasting for 300 ms). k, Group data of calcium response of class III dendritic arborization neurons with different genotypes (n 5 7-10). We used unpaired t-test for comparison between two groups, and one-way analysis of variance followed by Tukey's comparison for comparison among three or four groups. NS, not significant. **P , 0.01, ***P , 0.001. All error bars denote 6 s.e.m. Genotypes are as follows: for a, b, wild-type control: w touch-induced action potential firing (d) and calcium rise upon 40-mm touch displacement lasting 300 ms (g). The same mechanical stimuli were used in f and g. Arrowheads indicate stimulus onset. e, h, Group data of electrophysiological (e) and calcium (h) response to mechanical stimulation of class IV neurons from control larvae and larvae with NOMPC expression. ppk.NOMPC denotes the UAS-NOMPC/1; ppk-Gal4/1 genotype. All error bars denote 6 s.e.m. n 5 8-10. **P , 0.01, ***P , 0.001, unpaired t-test.
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to touch. Overexpression of NOMPC also conferred touch sensitivity to the normally touch-insensitive class I dendritic arborization neurons ( Supplementary Fig. 11 ).
Next, we tested whether NOMPC could form mechanosensitive channels in a heterologous expression system. Although there is strong evidence supporting the notion that TRP-4, the C. elegans homologue of Drosophila NOMPC, is a pore-forming subunit of a native mechanotransduction channel 23 , it remains to be tested whether heterologous expression of these channels gives rise to mechanosensitive channels 23 . We found that Drosophila S2 cells transfected with NOMPC displayed spontaneous channel openings in whole-cell recordings (Fig. 3a and Supplementary Fig. 12 ). This current could be blocked reversibly by gadolinium (Gd 31 ) and SKF-96365 ( Fig. 3l and Supplementary Fig.  13a, b) , which are known to block many TRP channels. The current could also be blocked by FM1-43, a blocker for mechanotransduction channels on hair cells 24 (Fig. 3n) .
We then tested whether NOMPC channels could be gated by mechanical force. First, by using a glass probe driven by a piezo actuator to deliver mechanical stimuli to the cell membrane during whole-cell recording, we observed both on and off responses (Fig. 3b) . As expected for mechanically gated channels with fast activation (Fig. 3b) , with increasing stimulation strength the current amplitude increased progressively (Fig. 3c) whereas the latency decreased to less than 1.5 ms (Fig. 3d) . Gd 31 and FM1-43 blocked these mechanosensitive channels, and the channel activity recovered after washout (Fig. 3m, o) .
Next, we applied negative pressure through the recording pipette with a high-speed pressure clamp to stretch the membrane of an outside-out excised patch, and found that the NOMPC channel was activated within 2 ms of the pressure application (Fig. 3e) . As the pressure was gradually increased, the current amplitude increased progressively (Fig. 3f-h ). The pressure-induced NOMPC current was also sensitive to Gd 31 and FM1-43 ( Supplementary Fig. 13c, d ). b, Mechanosensitive current triggered by the piezo-actuator-driven probe causing a 3.2-mm displacement of the cell membrane. Insets, the latency is less than 2 ms (arrows indicate the onset and the end of the stimulation for the on and off response, respectively). c, The current amplitude (at 260 mV) varied with the size of the displacement (5 trials with 0.4-mm increment, from 0 to 1.6 mm). d, The latency of the current response as a function of the mechanical displacement (n 5 7). Error bars denote 6 s.e.m. e, Mechanosensitive current of an outside-out patch in response to negative pressure applied with a highspeed pressure clamp. Arrow indicates the pressure onset. f, The mechanosensitive current amplitude varied with the pressure intensity (at 260 mV). g, Surface plot showing the current amplitude on a single patch increased progressively with increasing negative pressure at 260 mV. h, Group data of the dose-dependent curve of pressure-induced current (n 5 7). Error bars denote 6 s.e.m. i, Single-channel current (at 260 mV) from spontaneously active channels (top trace) and channels activated by mechanical stimulation via probe displacement (middle trace) and negative pressure on excised patch (bottom trace). j, Histogram showing the increase of channel open probability after stimulation. Black denotes displacementtriggered channel activity and grey denotes spontaneous channel activity. c, closed; o, open. k, Comparison of the single-channel current amplitude of spontaneously active channels and pressure-induced channels on a patch from the same cell at 260 mV. mech. curr., mechanicosensitive current; spon. curr., spontaneous current. n 5 7; paired t-test; error bars denote 6 s.e.m. l, Spontaneously active channels in S2 cells expressing NOMPC-GFP were sensitive to 100 mM Gd 31 and the block was reversible upon washout (n 5 6). NP o indicates open probability. m, The displacement-induced mechanosensitive current was blocked by 100 mM Gd 31 and then recovered after washout (black, control; grey, Gd 31 ; red, washout; n 5 4). n, Spontaneously active channels in S2 cells expressing NOMPC-GFP were sensitive to 3 mM FM1-43 and the block was reversible upon washout (n 5 6). o, The displacement-induced mechanosensitive current was blocked by 3 mM FM1-43 and then recovered after washout. Black, control; grey, FM1-43; red, washout; n 5 5. ***P , 0.001, paired t-test. All error bars denote 6 s.e.m.
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By resolving the single-channel current amplitude for mechanosensitive channels (Fig. 3i, j) , we found that the single-channel current amplitude for channels activated by negative pressure is identical to that for the spontaneously active channels (Fig. 3i, k) . Reversal potential measurements under bi-ionic conditions further revealed that NOMPC channels are permeable not only to monovalent cations such as Na Fig. 14) .
A previous study has shown that mutations in several residues of the selective filter of the TRP-4 channel in C. elegans change the ion selectivity of the channel 23 . On the basis of the sequence homology between NOMPC and TRP-4 channels, we mutated acidic residues near the putative pore region of NOMPC 23, 25, 26 (Fig. 4a) . Whereas alanine substitution of Asp 1516 had no detectable effects on channel properties including the single-channel conductance (Fig. 4b) , replacing Glu 1511 with the basic residue lysine considerably reduced channel activity (Fig. 4c) . Alanine substitution of Glu 1511 resulted in a reduction of single-channel conductance measured at 260 mV in Na 1 /Cs 1 solutions (Fig. 4b and Supplementary Fig. 15 ) and altered the shape of current-voltage relationship (I-V) curves (Fig. 4c and Supplementary Fig. 16 ). These mutant NOMPC channels showed similar distributions on the cell membrane as wild-type NOMPC ( Supplementary Fig. 17 ). Notably, these mutations had similar effects on the spontaneously active channels and the channels activated by mechanical stimulation. The current response to piezo displacement at 2100 mV was reduced in the E1511A mutant, whereas the response was largely eliminated in the E1511K mutant (Fig. 4d, e) . The mutations also altered the shape of the I-V curves for the current induced by both mechanical displacement (Fig. 4e ) and negative pressure (Fig. 4f) and shifted the reversal potential of the mechanosensitive channels in Na 1 /Cs 1 solutions (Fig. 4g) . The wild-type NOMPC channels exhibited a slightly higher permeability (P) to Na 1 than Cs 1 (P Na 1/ P Cs 1 5 1.2), whereas the converse was true for the E1511A mutant (P Na 1/P Cs 1 5 0.7). These results support the notion that NOMPC is a pore-forming subunit of the mechanotransduction channel.
For a channel to be considered a bona fide transducer of mechanical stimuli, it has to meet four criteria 3, 27 . NOMPC satisfies all of these criteria: first, it is expressed in class III dendritic arborization neurons that respond to touch; second, it is required for touch-induced excitation of class III neurons; third, ectopic expression of NOMPC endows the normally touch-insensitive dendritic arborization neurons with sensitivity to mechanical stimuli; and fourth, heterologous expression of NOMPC in S2 cells generates non-selective cation channels.
We show that Drosophila NOMPC is most likely a pore-forming subunit of a channel that can be activated by mechanical force in a heterologous expression system and is required for mechanotransduction of gentle touch in vivo. Together with Drosophila PIEZO, which is gated by mechanical force in a heterologous expression system and is required for sensing noxious mechanical stimuli in vivo 2, 28 , these studies reveal that the class III and class IV dendritic arborization neurons that tile the larval body wall use different molecular mechanisms to sense gentle touch and noxious mechanical stimuli, respectively, raising the question of whether different groups of sensory neurons in the skin of other organisms including mammals might also use different molecular mechanisms for sensing these different stimuli types.
METHODS SUMMARY
Behavioural assay. Animals were raised at 25 uC in an incubator. The thoracic segments of the larvae were touched with an eyelash and the behavioural responses were scored as described in ref. 12. 19-12-Gal4 is a marker for class III dendritic arborization neurons and is not expressed in class I, II or IV neurons 29, 30 . Electrophysiological recordings. Fillet preparations were made by dissecting third-instar larvae. Action potentials were recorded extracellularly. Whole-cell and outside-out patch recordings of S2 cells were carried out 1-2 days after transfection. Calcium imaging of dendritic arborization neurons. Calcium imaging of larval dendritic arborization neurons was carried with a newly available genetically coded calcium indicator, GCaMP5. Mutagenesis of NOMPC channel and S2 cell culture. All point mutations were introduced by site-directed mutagenesis and verified by sequencing of the fulllength construct. Drosophila S2 cells were transfected using the product protocol. Mechanical stimulation. A glass probe was driven by a piezo actuator mounted on a micromanipulator to give mechanical stimulation. The movements were triggered and controlled by the piezo amplifier, which was synchronized with the programmed signals from pClamp software. Negative pressure on excised patch was delivered by high-speed pressure clamp. Immunohistochemistry. In brief, third-instar larvae were dissected in PBS, fixed and exposed to the primary antibody overnight at 4 uC and then the secondary antibody for 2 h at room temperature (25 uC). 
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1 solution (n 5 7, 6, 14 from left to right). ***P , 0.001, unpaired t-test. c, The E1511A mutation altered the single-channel I-V curve of spontaneously active channels in the same Na 1 /Cs 1 solutions. The E1511A mutant channel displayed outward rectification and the E1511K mutation greatly reduced channel activity. d, Sample traces of wild-type and mutant channels in response to 2.8-mm displacement at 2100 (dark grey), 0 (black) and 100 (grey) mV. e, The E1511A mutation altered the I-V curve of displacement (2.8 mm)-triggered currents in the same Na 
/Cs
1 solutions whereas the E1511K mutation largely eliminated the mechanosensitive current at negative voltage. f, The E1511A mutation altered the I-V curve of pressure-elicited currents in the same Na 
1 solutions whereas the E1511K mutation largely eliminated the mechanosensitive current (50 mm Hg) at negative voltage. g, The E1511A mutation shifted the reversal potential of spontaneously active NOMPC channels (black bars) and NOMPC channels activated by negative pressure (50 mm Hg, grey bars) in the bi-ionic Na
1
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1 conditions (n 5 6, 6, 6, 4 from left to right). All error bars denote 6 s.e.m.
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